Grainy head (GRH) is a key transcription factor responsible for epidermal barrier formation and repair, whose function is highly conserved across diverse animal species. However, it is not known how GRH function is reactivated to repair differentiated epidermal barriers after wounding. Here, we show that GRH is directly regulated by extracellular signal-regulated kinase (ERK) phosphorylation, which is required for wound-dependent expression of GRH target genes in epidermal cells. Serine 91 is the principal residue in GRH that is phosphorylated by ERK. Although mutations of the ERK phosphorylation sites in GRH do not impair its DNA binding function, the ERK sites in GRH are required to activate Dopa decarboxylase (Ddc) and misshapen (msn) epidermal wound enhancers as well as functional regeneration of an epidermal barrier upon wounding. This result indicates that the phosphorylation sites are essential for damaged epidermal barrier repair. However, GRH with mutant ERK phosphorylation sites can still promote barrier formation during embryonic epidermal development, suggesting that ERK sites are dispensable for the GRH function in establishing epidermal barrier integrity. These results provide mechanistic insight into how tissue repair can be initiated by posttranslational modification of a key transcription factor that normally mediates the developmental generation of that tissue.
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embryo | Drosophila | cuticle A nimals produce a protective epidermal barrier against physical, chemical, and thermal damage, as well as dehydration and pathogen infection. When the barrier is damaged, it is essential for animals to repair and regenerate the wounded barrier structure to survive in a hostile environment. Biological surface barrier function is conferred by epidermal cells, which in mammals and arthropods produce the stratum corneum and cuticle, respectively. The stratum corneum consists of layers of a highly cross-linked matrix of dead keratinocytes, proteins, and lipids (1) . In contrast, the cuticle barrier of Drosophila and other insects consists of cross-linked lipids, proteins, and chitin (2) .
In both Drosophila and mouse, transcription factors of the Grainy head (GRH) family have been shown to be essential for the development of epithelial barriers as well as the repair of barriers after wounding (3) (4) (5) (6) (7) (8) . There is also evidence from studies in Caenorhabditis elegans, Xenopus laevis, and Danio rerio indicating that GRH proteins have an evolutionarily conserved role in the development and maintenance of epidermal barrier structure (9) (10) (11) . All three murine homologs of GRH, Grainy head-like (Grhl) 1-3, are highly expressed in developing and differentiated mouse epidermis (12) . Although the mutation of murine Grhl1 results in mild defects in epidermal development and differentiation (13) , mutations in Grhl3 gene results in severe epidermal defects including inadequate skin barrier and deficient wound repair, ultimately causing lethality at birth. This phenotype is due in part to reduced expression of epidermal protein cross-linking enzymes and cell adhesion proteins (3, 7) . Analogous to the role of Grhl1 and Grhl3 proteins in mouse, GRH protein in Drosophila activates genes such as Dopa decarboxylase (Ddc). Ddc is required to produce the quinones that cross-link the specialized apical extracellular matrix molecules that make up the cuticle (4, 6) . GRH also is required for normal expression levels of Fasciclin 3 and Coracle proteins, which are directly involved in mediating epidermal cell adhesion (4, 6, 14) . A mutation of human Grhl2 results in progressive hereditary deafness, which is presumably due to defective epithelia in the cochlea, where Grhl2 is abundantly expressed (15) .
Drosophila GRH is a transcription factor that can bind to DNA regulatory elements of Ddc and Ultrabithorax (Ubx) (16) and is encoded by the grainy head (grh) gene, which was originally defined by mutations that result in weak larval cuticle (6) . The GRH protein has a transactivation domain in the N terminus and DNA binding and dimerization domains in the C terminus of the protein (17, 18) (Fig. 1A) . High-affinity DNA binding of GRH requires homodimerization and induces activation or repression of GRH-dependent target gene transcription (17, 19, 20) . However, we still have very limited information on how the transcriptional activity of GRH is regulated in cells and organisms.
During Drosophila development, alternative splicing of grh transcripts generates two major protein isoforms, GRH-O and GRH-N (21). GRH-O is expressed in regions of the central nervous system (CNS), whereas GRH-N is expressed in barrier epithelia of the epidermis, foregut, hindgut, and tracheal system. Zygotic grh mutants die at the embryonic/larval transition with weak epidermal cuticle and discontinuous grainy sclerites in the head skeleton due to, in part, a lack of Ddc gene activation, a key enzyme involved in cuticular sclerotization (6) . Clones of grh mutant cells in the adult epidermis have defects in pigmentation and planar polarity (22) . In addition, the mutation of grh leads to a tortuous morphology of tracheal tubes (23) . These abnormalities suggest that GRH plays diverse roles in establishing and maintaining epithelial barriers in normal development.
We have shown that grh mutant embryos have abnormal repair of the cuticle barrier after epidermal wounding. The barrier repair defects presumably results from a reduction of transcription from a variety of GRH-target genes, one of which is Ddc (4). The MAP kinase ERK is strongly activated in epidermal cells surrounding wounded sites, and ERK inhibition silences GRHmediated Ddc expression around epidermal wounds (4) . From this result, we inferred that ERK is in the signaling pathway from injury to activation of GRH-dependent wound enhancers. It was shown that GRH activity is controlled by the Breathless Receptor Tyrosine Kinase in the embryonic trachea (23) and that GRH can be phosphorylated by ERK in vitro (20) . However, there has been a lack of evidence supporting a direct relationship between ERK and GRH in late embryonic epidermal tissue and the physiological importance of GRH phosphorylation in epidermal barrier generation and regeneration. To explore these relationships, we first mapped ERK phosphorylation sites in the GRH-N protein. The identified sites were mutated to generate versions of GRH-N that had little or no phosphorylation by ERK. These wild-type and mutant forms of GRH-N were expressed in the epidermis of transgenic embryos that had no endogenous GRH. To our surprise, we found that ERK phosphorylation sites in GRH-N are dispensable for developmental establishment of epidermally derived cuticular barriers and expression of GRH-regulated epidermal cell adhesion proteins. However, ERK sites are critical for GRH-dependent activation of epidermal barrier repair genes, which lead to regeneration of an impermeable cuticle after wounding.
Results

Identification of ERK Phosphorylation Sites in GRH.
To determine which residues of GRH transcription factor are specifically phosphorylated by ERK, we carried out in vitro ERK kinase assays by using purified ERK enzyme and deletion mutants of GRH (Fig. 1A) . The deletion mutant GRH-N3 is very weakly phosphorylated by ERK compared with mutants N1 and N2, or full-length (WT) GRH, which indicates that the major ERK phosphorylation sites are located between amino acids 74 and 136 ( Fig. 1 B and C) . This region contains three potential ERK phosphorylation sites, which consist of serine (S) or threonine (T) followed by proline residues. These sites are S-88, S-91, and T-125. Interestingly, recent proteomic analysis has shown that phosphorylation of S-88 and S-91 in GRH can be detected in Drosophila embryonic cell extracts (24) . We substituted these potential ERK phosphorylation sites in GRH with alanines (A), individually or in combination (Fig. 1A) , and tested the in vitro phosphorylation of these GRH mutants by ERK. When compared with GRH WT, the S88A mutant shows a slight decrease in ERK phosphorylation, whereas the S91A mutant shows a strong decrease (Fig. 1D and Fig. S1A ). The GRH S88A/S91A double mutant (hereafter, GRH 2A) is phosphorylated by ERK to ≈20% of WT (Fig. 1E and Fig. S1B ). The weak phosphorylation of the GRH 2A mutant suggested the existence of additional minor phosphorylation sites. Therefore, we replaced all S or T residues in putative ERK phosphorylation sites (S-P or T-P), with A (GRH PanA mutant; Fig. 1A ). The GRH PanA mutant protein is not detectably phosphorylated by ERK in vitro ( Fig. 1E and Fig. S1B ). Taken together, these data indicate that ERK efficiently phosphorylates GRH on S-91, and phosphorylates other S-P and T-P sites such as S-88 with lower efficiency.
Mutations of ERK Phosphorylation Sites in GRH Do Not Impair Its DNA Binding Function in Vitro. S-91 in GRH is located in a domain that inhibited in vitro DNA-binding affinity of bacterially overexpressed GRH (18) . Because ERK is necessary for wounddependent GRH target gene expression, we hypothesized that ERK phosphorylation might influence the affinity of GRH to target DNA sequences such as those in the Ddc wound response enhancer. To test this hypothesis, we performed electrophoretic mobility shift assays (EMSA) by using wild-type (GRH WT), nonphosphorylatable (GRH 2A and GRH PanA), and phosphomimetic (GRH S88E/S91E; hereafter, GRH 2E) GRH proteins. GRH WT, 2A, PanA, or 2E variant proteins all bound to Ddc enhancer sequences with indistinguishable affinities and specificities (Fig. S2 ). These results suggest that mutations of ERK phosphorylation sites in GRH do not impair its DNAbinding properties. However, we cannot completely exclude the possibility that subtle quantitative difference in DNA-binding affinity between WT and mutant GRH proteins may influence its activity as a transcription factor.
Substitution of Endogenous GRH with Transgenic GRH Mutants in
Embryonic Epidermis. GRH is abundantly expressed in late embryonic epidermal cells ( Fig. 2A) , where it regulates genes that produce a normal protective cuticular barrier (6), as well as genes that provide normal cell adhesion in the epidermis (14) . To examine the contribution of ERK-mediated GRH phosphorylation to developmental epidermal structure formation, we generated flies with UAS-GRH WT, 2A, PanA, and 2E transgenes inserted in an identical genomic site using the phiC31-integrase system. We tested a variety of GAL4 protein expression driver lines for their ability to produce GRH transgenic proteins at physiological levels in embryonic epidermis. The GAL4 driver lines under the control of the act5C, da, and arm enhancers strongly induced GRH expression in late embryonic epidermal cells (≈10-fold higher than endogenous levels) and caused embryonic or larval lethality. However, the epidermal e22c-GAL4 driver in combination with GRH transgenic proteins in a WT genetic background allowed survival to adulthood, suggesting that the transgenic GRH expression by the e22c-GAL4 driver could be used for gene rescue studies for GRH epidermal function.
We first tested whether UAS-GRH protein expression levels using the e22c-GAL4 driver were similar to the levels of endogenous GRH in late embryonic stage by immunostaining with affinity-purified GRH-specific antibodies. GRH protein is detected in epidermal nuclei of grh IM/+ heterozygotes, but not in grh IM homozygotes ( Fig. 2 A and B) . At late embryonic stages, grh mutants with e22c-GAL4-driven expression of GRH WT, GRH 2A, GRH PanA, and GRH 2E proteins showed GRH protein expression specifically in epidermal cells, at levels that were indistinguishable to endogenous GRH in grh IM/+ heterozygotes ( Fig. 2 A and C-G) . These results suggest that grh-null embryos with e22c-driven GRH expression could be used to test the importance of GRH phosphorylation in its two roles, first in epidermal development, and second in epidermal wound repair.
GRH Phosphorylation Is Not Required for the Expression of GRH
Target Cell Adhesion Molecules During Epidermal Development. To understand a role of GRH phosphorylation in late embryonic epidermal cells, we monitored the expression levels of embryonic GRH targets, Fasciclin 3 (Fas3) or Coracle (14) . The levels of Fas3 (Fig. 2 B′ and G) and Coracle (Fig. S3B′ and Fig. S5A ) were significantly reduced in epidermal cells of grh IM homozygotes. However, grh IM homozygotes did not have reduced levels of DEcadherin, which we used as a control for antibody penetration of late-stage embryos that have begun cuticle synthesis (Fig. S4 and  Fig. S5B) . The reduced expression level of Fas3 or Coracle by grh null mutation was rescued by expression of GRH WT (Fig. 2C′ and Fig. S3C′ ), ERK site mutants of GRH (Fig. 2 D′ and E′ and Fig. S3 D′ and E′) , or phosphomimetic GRH (Fig. 2F′ and Fig.  S3F′ ) in grh IM mutant background, at comparable level to those of grh IM /+ heterozygote controls (Fig. 2G and Fig. S5A ). These data show that ERK phosphorylation sites in GRH are not required for the developmental expression of Fas3 and Coracle in late embryonic epidermis. The larval cuticle that develops in grh mutants is weak and easily ruptured, and the head skeleton is grainy and discontinuous (6), (Fig. 3B) . To investigate the role of ERK phosphorylation of GRH in head skeleton structure and cuticle barrier formation, we analyzed the cuticular phenotypes of grh-null embryos with e22c-driven expression of GRH WT, GRH 2A, GRH PanA, and GRH 2E proteins. The severe cuticular defects in body cuticle and head skeletal structures of grh-null embryos were significantly, albeit not completely, rescued by e22c-driven GRH WT (Fig. 3C) . To our surprise, we found that the embryos that expressed the ERK site mutants of GRH (GRH 2A and GRH PanA), or the phosphomimetic GRH 2E, under e22c control, mutants. The rescued animals at the embryo/larval transition displayed nearly normal denticle belts and cuticles that were resistant to the characteristic stretching and bursting of grh IM mutant cuticles.
also rescued the head skeleton and body cuticle defects of grh mutants (Fig. 3 D-F) to an extent comparable with GRH WT. These results indicate that ERK phosphorylation of GRH is not crucial for the formation of cuticle structure during late embryogenesis. We next wanted to determine whether ERK phosphorylation of GRH is needed for establishment of epidermal barrier function. To test this possibility, we developed a whole-mount cuticle permeability assay based on a previous protocol (25) . In this assay system, the vitelline membrane is permeabilized by an organic solvent, and the epidermal/cuticular barrier integrity can be assayed by exclusion of Rhodamine B dye from the body cavity. grh IM/+ heterozygotes at stage 17 can exclude the dye, but grh IM homozygotes cannot (Fig. 3 G and H and Fig. S6 ), consistent with the idea that grh mutant embryos have permeable epidermal barriers, presumably due to incomplete cuticle formation and/or cuticle breaks. Interestingly, the epidermal barrier integrity defect exhibited in the grh mutant embryos was rescued by e22c-driven expression of GRH 2A, GRH PanA, or GRH 2E (Fig. 3 J-L) , to an extent comparable with the rescue provided by e22c-driven GRH WT (Fig. 3I and Fig. S6 ). These data support our conclusion that the developmental function of GRH in epidermal development and cuticle barrier formation does not require ERK-dependent phosphorylation.
ERK Phosphorylation of GRH Is Required for Epidermal Wound
Enhancer Activation. GRH target genes such as Ddc and misshapen (msn) are rapidly transcribed around epidermal wounds where ERK is activated (4, 26) . Because ERK is also activated in cells surrounding wound sites (4), we hypothesized that phosphorylation of GRH by ERK might be required for activation of epidermal wound response genes. To explore this possibility, we first tested an epidermal wound enhancer from the Ddc gene that was fused to a GFP reporter gene (4) . In grh IM homozygous mutants, the Ddc-GFP wound enhancer is only weakly activated in a few embryos around epidermal wounds (Fig. 4 B and G) , whereas 73% of the grh mutants with e22c-driven GRH WT displayed moderate-to-strong activation of the enhancer around epidermal wound sites (Fig. 4 C and G) . In contrast, the wounddependent activation of the Ddc wound enhancer was dramatically reduced in grh mutants with the e22c-driven GRH 2A protein (Fig. 4D) . GRH PanA expression in the background of grh null mutant was indistinguishable from the Ddc reporter activation seen in grh mutants alone (Fig. 4 E and G) . These results suggest that ERK phosphorylation of S-88 and S-91 residues in GRH is crucial, but that other ERK phosphorylation sites contribute to the activity of GRH on the Ddc epidermal wound enhancer after wounding. The phosphomimetic form GRH 2E (Fig. 4F) is comparable with GRH WT in its ability to rescue Ddc wound enhancer activation after wounding in a grh mutant background (Fig. 4G) . However, GRH 2E does not activate Ddc-GFP in unwounded embryos, suggesting that ERK phosphorylation of GRH alone is not sufficient for woundinduced gene activation, and that other wound-induced signaling input is needed for the wound-responsive gene activation.
We have shown that GRH induces expression of another wound responsive gene msn (26) . To monitor GRH activity in wounded epidermal cells, we used a Msn in vivo wound response reporter after epidermal wounding. The msn wound enhancer is strongly activated around epidermal wounds in grh IM/+ heterozygotes, but not in grh IM homozygous mutant embryos (26), (Fig.  S7 A, B, and F) . Although e22c-driven GRH WT can moderately rescue activation of the msn wound response enhancer in epidermal cells of grh IM mutants, GRH 2A and GRH PanA showed no such rescue function (Fig. S7 C-F) . In summary, our results suggest that ERK phosphorylation sites are required for GRH to activate downstream genes that mediate repair after epidermal wounds in late embryos.
ERK Phosphorylation of GRH Is Critical for Functional Epidermal
Barrier Restoration After Epidermal Injury. To explore roles of GRH phosphorylation in repair of damaged epidermal barrier, we performed an epidermal barrier dye permeability assay to assess the functionality of the restored cuticle barrier after wounding at late embryonic stages. In the assay, whereas grh IM/+ heterozygous controls showed efficient regeneration of barrier integrity after wounding (Fig. 5 A and A′) , as expected, grh IM homozygous embryos were highly permeable to dye with or without wounding (Fig. 5 B and B′) . The e22c-driven GRH WT (Fig. 5 C and C′) , as well as GRH 2E (Fig. 5 F and F′) , dramatically rescued the ability of grh-null epidermal cells to regenerate an impermeable barrier after wounding, at the similar level to grh IM/+ heterozygotes (Fig. 5G) . However, intriguingly, the grh-null embryos expressing GRH 2A (Fig. 5 D and D′) or GRH PanA (Fig. 5 E and E′) , which were able to rescue grh IM defects in developmental barrier generation (Fig. 3 G-L) , still showed very significant defects in epidermal barrier regeneration after wounding (Fig. 5G) . These data suggest that GRH phosphorylation by ERK is important for the functional regeneration of a damaged epidermal barrier after wounding.
Discussion
We have discovered that posttranslational modification of GRH by ERK phosphorylation is an important molecular signaling event activating its function so it can regenerate impermeable epidermal barriers after wounding. Our evidence indicates that ERK phosphorylation of GRH is not critical for its role in the developmental establishment of epidermal cell adhesion and cuticular barriers in late embryogenesis. Interestingly, putative ERK phosphorylation sites are also found in the N-terminal domain of Grhl3, a mammalian homolog of GRH. Given that grhl3 mutant mice display defects in both developmental skin barrier formation and wound-induced repair (3) , and that ERK is required for mammalian wound repair (27) , it is plausible that ERK phosphorylation of GRH might be an evolutionarily conserved event in animal epidermal wound repair. Drosophila GRH and mammalian Grhl proteins do not share extended blocks of amino acid sequence homology that include S-P or T-P motifs that are characteristic of ERK consensus sites (18) , but functional phosphorylation sites can show rapid sequence drift during evolution (28) .
Mutations of ERK phosphorylation site residues in GRH do not detectably influence its affinity to DNA binding sites in vitro, but the phosphorylation sites are required for GRH functional activity on epidermal wound enhancers in late embryonic epidermal cells. The wound-specific activity of GRH does not appear to involve phosphorylation-dependent nuclear localization, because the GRH protein is constitutively nuclear, either when expressed by endogenous promoters or epidermal GAL4 drivers (21) . In addition, as measured by the strength of overexpressed ERK-site mutants of GRH in activating Ddc expression, the developmental transcriptional activation function of GRH was not significantly altered by the mutation of ERK phosphorylation sites (Fig. S8) . However, ERK phosphorylation of GRH-binding affinity might enhance its binding to a coactivator or prevent its binding to a corepressor (29) that is specific during wound response. Because GRH 2E expression did not constitutively activate transcription of GRH target genes in both developmental and wound response contexts, the phosphorylation of GRH alone is not likely to be sufficient for triggering activation of the wound response genes. Given that both GRH and FOS-D are required for the induction of Ddc and msn (26) , and that FOS function can be also activated by ERK phosphorylation (30), we believe that wound-induced signaling input through FOS or other transcription factors is also necessary for the transcription of these wound response genes along with the phosphorylation of GRH. Therefore, the ERK-dependent phosphorylation of both GRH and FOS upon injury may activate both transcription factors to synergistically induce many target genes that facilitate epidermal barrier regeneration.
Although GRH function in Drosophila embryonic epidermis is critical for both developmental generation and wound-triggered regeneration of epidermal barriers, it was not known whether it is required for the process of reepithelialization (epidermal wound closure) after wounding (31) . Mammalian Grhl3 has been shown to be required for the keratinocyte wound closure in tissue culture, mainly through its activation of RhoGEF19 (8) . However, in Drosophila, we found that the wound closure phenotypes between wild-type and grh IM homozygous embryos were indistinguishable (Fig. S9) , indicating that Drosophila GRH is not critical for reepithelialization after wounding.
Given that we have demonstrated the importance of the ERK-GRH axis in transcriptional activation of epidermal wound response genes, the signals and receptors upstream of ERK are of great interest. Mammalian cell culture studies suggest that receptor tyrosine kinases (RTK) are responsible for the wounddependent activation of ERK (32) . In Drosophila, stitcher (stit) encodes a Ret-family tyrosine kinase that contributes to transmission of an epidermal wound signal, because null mutations in stit result in a partial inhibition of wound-induced ERK phosphorylation, and reduced activation of wound enhancers in embryonic epidermal cells (33) RTK(s) are responsible for the activation of ERK after epidermal wounding observed in stit null mutant embryos. The PVR RTK is a good candidate because its function has been shown to be required for wound healing in larval epidermal tissue (34) .
The RTK-mediated activation of ERK-GRH axis appears to mediate other biological roles in addition to its role in embryonic epidermal barrier repair. GRH has been reported to mediate Torso RTK-dependent repression of the tailless gene in early embryogenesis (20) . Therefore, although the ERK-GRH axis is dispensable for late embryonic epidermal barrier development, it appears to function in other developmental contexts. These distinct functions presumably depend on the context of different transcriptional enhancers with different transcription factor codes.
More importantly, the current findings suggest an important mechanism that may underlie injury-induced tissue regeneration. After wounding or amputation, developmental programming must be reinitiated to recover the original structure of the damaged tissue (35) . In the context of the epidermis, GRH is a key transcription factor for generating a normal epidermal barrier during development in a manner independent of ERK phosphorylation. However, GRH is also persistently expressed in terminally differentiated epidermal cells of the embryo, larvae (21) , and adult, and its function in barrier repair must be rapidly and robustly reactivated after wounding. In our model, a semidormant state of GRH can be overcome by ERK phosphorylation to regain its ability to transcriptionally activate target genes like Ddc, msn, and many others that regenerate epidermal barriers (Fig. 6) . This model may also apply to c-Jun in mammals, which does not require JNK-dependent phosphorylation sites for developmental eyelid and neural tube closure, but does require those sites for closure of epidermal wounds (36, 37) . Thus, some regeneration processes in tissues or organs of diverse animal species after injury may be initiated through a similar molecular mechanism-posttranslational reactivation of essential transcription factors that are normally involved in developmental morphogenesis.
Materials and Methods
Details on plasmid constructs and biochemical analyses, Drosophila genetics and cuticular preparation, generation of GRH antisera, epidermal wounding, epidermal barrier permeability assay, and epidermal wound closure assay are described in SI Materials and Methods. Immunostaining was done as described (4) . Images of wounded embryos were obtained with a Leica SP2 laser-scanning upright confocal microscope, choosing representative embryos as described (26) .
